As exposure is considered one of the top health threats worldwide. As-induced Male reproductive toxicity is causing wide concern. The goal of this study is to determine whether subchronic As exposure inhibits Ddx3y expression, an Y-linked gene important in spermatogenesis and sperm maturation, and whether the inhibited expression of Ddx3y is closely associated with As-induced male reproductive toxicity Adult mice were given drinking water alone or water containing 1, 2, and 4 mg/l arsenic trioxide (As 2 O 3 ) for 60 days. After the treatment, the weights of testis and epididymis were analyzed. The sperm quality, spermatogenesis, and histological alteration of the testis and epididymis were observed by microscope. Furthermore, the expressions of Ddx3y gene and its protein in the testis and epididymis were examined by real-time reverse transcription PCR, Western blotting, and immunohistochemistry. Compared with untreated mice, the weights of testis and epididymis were reduced, sperm motility and the number of stage VII cells in the seminiferous epithelium section were decreased, sperm malformation ratio was increased, and histopathological alterations were observed in As-treated mice. The gene and protein expression of Ddx3y in testis and epididymis were significantly downregulated in As-exposed mice. Subchronic As exposure has detrimental effects on spermatogenesis and sperm development. It also downregulates Ddx3y expressions in testis and epididymis. Our results indicated that Ddx3y may be an important target gene of As and the downregulated expression of Ddx3y may be closely related to male reproductive toxicity induced by As.
As, a heavy metal, is a natural and ubiquitous environmental toxin. Exposure to excess amount of As, particularly from contaminated drinking water, is considered one of the top environmental health threats worldwide (Bloom et al., 2010; Hong et al., 2009; Simeonova and Luster, 2004; Smith et al., 1992) . Recently, epidemiologic studies showed that As exposure is associated with male reproductive toxicity. Meeker et al. (2010) studied the association between environmental exposure to metals and infertility by cross-sectional epidemiology study in men recruited through two Michigan infertility clinics. They found a causative relationship between arsenic and infertility. Nie et al. (2006) investigated the association between environmental exposure to As and male reproductive toxicity by semen quality analysis in As-exposed male inhabitants in Shuozhou District, Shanxi Province. They found that the ratio of survival sperms and the percentage of A-grade sperm were significantly lower in those who were exposed to high level of water As. Hsieh et al. (2008) reported that the prevalence of erectile dysfunction (ED) was greater in the endemic arsenism area than that in the nonendemic arsenism area in Taiwan. They further found that the risk of developing severe ED was drastically enhanced by As exposure. Pant et al. (2001) reported that significant accumulation of As in testes and accessory sex organs was observed in male mice treated with sodium arsenite. Male mice exposed to 20 or 40 mg/l sodium arsenite through drinking water for 5 weeks showed decreased epididymal sperm counts and testicular weights (Chang et al., 2007) . Jana et al. (2006) reported that daily exposure to 5 mg/kg body weight sodium arsenite via drinking water for 4 weeks resulted in decreased epididymal sperm counts and testicular weights and extensive degeneration of a wide variety of germ cells at stage VII of the spermatogenic cycle in male rats. Sanghamitra et al. (2008) reported that arsenic-treated mice exhibited dosedependent gradual reductions in seminiferous tubular diameter and various gametogenic cell populations, such as resting spermatocyte, pachytene spermatocyte, and stage 7 spermatid (7Sd). These literatures indicated that As exposure may inhibit the spermatogenesis and sperm development. However, the molecular mechanism about how As exposure induces male reproductive dysfunctions remains unclear.
The Y chromosome is essential for normal germ cell development in human (Ferlin et al., 2007; Krausz et al., 2003; Navarro-Costa et al., 2010; Stahl et al., 2010) . In 1976, Tiepolo toxicological sciences 128(2), 482-489 (2012) doi:10.1093/toxsci/kfs169 Advance Access publication May 10, 2012 and Zuffardi first described deletions of the Y chromosome long arm (Yq) in azoospermic men and postulated that an azoospermia factor (AZF) was present on Yq. Subsequent study showed that Yq contains three AZF regions, AZFa, AZFb, and AZFc, which were frequently deleted in men with spermatogenic failure (Vogt et al., 1996) . Thus, the AZF regions include genes that encode proteins important for male spermatogenesis. DDX3Y (also known as DBY) in AZFa is considered the major gene candidate because it is frequently deleted in infertile patients, and its absence is correlated with severe spermatogenic failure (Foresta et al., 2000; Lardone et al., 2007; Luddi et al., 2009) . The DDX3Y protein encoded by DDX3Y gene is a member of the DEAD box protein family (characterized by the conserved motif Asp-Glu-Ala-Asp) of ATP-dependent RNA helicases. DDX3Y is exclusively expressed in testis tissue, predominantly in spermatogonia, suggesting its importance during spermatogenesis (Ditton et al., 2004; Kleiman et al., 2007) . In mouse, the Sxr b interval on the short arm of the Y chromosome has been considered to be functionally equivalent to the human AZFa interval. The deletion of Sxr b interval in mouse blocks postnatal proliferation and survival of the spermatogonia, which is similar to the phenotypes associated with the AZFa deletion in human (Sutcliffe and Burgoyne, 1989) . Indeed, the human DDX3Y has a homologue Ddx3y (also known as Dby) conserved on the Sxr b interval of the mouse Y chromosome (Vong et al., 2006) . The proteins encoded by human DDX3Y and mouse Ddx3y genes have high identity (Mazeyrat et al., 1998, Lahn and Page, 1997) . These literatures indicated that deletion or dysfunction of DDX3Y or Ddx3y gene will probably cause a premeiotic disruption of spermatogenesis. In the previous study, we found significant change in Ddx3y gene expression in the mouse brain following As exposure. Because the Ddx3y gene is mainly expressed in the nervous or male reproductive system, it will be interesting to investigate whether the Ddx3y gene is involved in arsenic-induced male reproductive toxicity.
Considering the similarities between human DDX3Y and mouse Ddx3y, the mouse is a valuable model, which will help us examine toxic effects of As exposure on Ddx3y expression in the male reproductive system. In this study, the sperm quality, spermatogenesis, and histological alteration of the testis and epididymis were observed in mice exposed to 1, 2, and 4 mg/l As 2 O 3 . The expression of Ddx3y gene in the testis and epididymis was analyzed by real-time PCR. Ddx3y protein was also examined by Western blotting and immunohistochemistry. The study aimed at investigating the toxic effects of As on the Ddx3y gene and provided insight into molecular mechanism of arsenic-induced male reproductive toxicity.
MATERIALS AND METHODS

Animals and treatment.
Forty specific pathogen free mice (age, 9 weeks) weighing 26.3-30.9 g were purchased from Experimental Animal Center, Dalian Medical University. They were housed in five per cage under standard conditions of a 12 h dark-light cycle in 18°C-22°C and 50% humidity and maintained on a standard diet and water ad libitum. All the animals were randomly assigned to four groups according to their body weight. Group 1 orally received double distilled water alone as control. Groups 2-4 were given double distilled water containing As 2 O 3 orally at the dose of 1, 2, and 4 mg/l per day, respectively. The amount of daily drinking water of each mouse was recorded. All the treatments were continued for 60 days. Experiments were performed in accordance with the Animal Guideline of Dalian Medical University and in agreement with the Ethical Committee of Dalian Medical University.
Sample collection. Sixty days after treatment, all the animals were weighed. For histopathological studies, animals were anesthetized deeply by intraperitoneal injection of sodium pentobarbital, placed in a supine position, and the thorax was opened through a bilateral incision. A catheter was inserted into the left ventricle and the right atrium was incised. Physiologic saline was infused until the perfusate from the right atrium was bloodless. The saline perfusion was followed by 4% paraformaldehyde. The testes and epididymides were removed, weighed, and placed in fixative examination. For gene and protein analysis, animals were euthanized, and the testes and epididymides were quickly removed, weighed, and frozen in liquid nitrogen. Samples were stored at −80°C until use. For sperm activity analysis and malformation analysis, an equal length of the left cauda epididymides was minced and suspended in 2 ml of 0.9% saline.
Histopathological examination of testis and epididymis. The fixed testes and epididymides were trimmed, washed, dehydrated, and embedded in paraffin according to standard protocols. Paraffin blocks of the testis and epididymis were cut at 5 µm thickness from the mid portion of tissue and stretched on glass slides. After deparaffinization, the sections were stained with hematoxylin and eosin and observed under light microscope.
Quantitative evaluation of spermatogenesis. Quantitative study of spermatogenesis was carried out by counting the relative number of each type of germ cells at stage VII of the seminiferous cycle (i.e., type-A spermatogonia [Asg], preleptotine spermatocytes [pLSc], mid-pachytene spermatocytes [mPSc] , and 7Sd) according to the method of Leblond and Clermont (1952) . The nuclei of different germ cells (except step 19 spermatids, which cannot be enumerated precisely) were counted in 20 round tubules in mice.
Sperm quality analysis. Sperm quality was determined by activity and malformation. Sperm activity was analyzed by counting the motile and nonmotile spermatozoa of sperm suspensions in film preparation using a hemocytometer and expressed as percentage of the total sperm counts. After the film preparations were stained with hematoxylin and eosin, the ratio of sperm malformation was analyzed by counting the number of malformed spermatozoa in 1000 sperms per sample under light microscope. For each animal, the sperm count was repeated at least five times and the average per group was calculated.
Quantitative real-time PCR. Total RNA was extracted from mouse testis and epididymis tissues by using RNAiso Plus according to the manufacturer's instructions (Takara, Japan). The RNA was quantified by using a spectrophotometer. Only RNA samples with an A260/A280 of 1.9 or higher were used for reverse transcription. One microgram of total RNA was reverse transcribed using a Reverse Transcription Kit (Takara, Japan). Quantitative real-time PCR was performed with a SYBR Green PCR kit (Takara, Japan) using a TP800 Real-Time PCR Detection System (Takara, Japan). The primers for Ddx3y and β-actin are shown in Table 1 (designed by Takara, Dalian). The reaction conditions were as follows: an initial denaturation at 95ºC for 5 min, followed by 40 cycles of 95ºC for 30 s, 55ºC for 30 s, and 72ºC for 30 s. The β-actin mRNAs were used as internal control probes.
Western blotting. Mouse testis and epididymis tissue were homogenized in ice-cold RIPA Tissue Protein Extraction Reagent (Biyuntian, China) supplemented with 1% proteinase inhibitor mix and incubated at 4ºC for 1 h. After incubation, debris was removed by centrifugation at 12,000 × g for 15 min at 4ºC, and the lysates were stored at −80ºC until used. The total protein concentration in the lysates was determined using a BCA protein assay kit (Biyuntian, MALE REPRODUCTIVE TOXICITY OF ARSENIC China). The proteins (50 µg per lane) were mixed with an equal volume of SDS-PAGE loading buffer, separated by SDS-PAGE under no-reducing conditions using 10% SDS-PAGE gels, and then electrotransferred to Hybond-P polyvinylidene fluoride membrane (Millipore, France). The membrane was blocked with blocking buffer containing defatted milk powder for 1 h and incubated overnight at 4ºC with 1 µg/ml mouse anti-rat Ddx3y monoclonal antibody (1:1000) (Santa Cruz, Biotechnology, sc-11023). The membrane was washed three times with Tris-buffered saline containing 0.05% Tween-20 (TBST) for 15 min and then incubated at room temperature for 1 h with horseradish peroxidase-conjugated goat anti-mouse IgG (1:7000) (Sigma). The signals were visualized using an enhanced ECL chemiluminescence kit and quantified densitometrically using UVP BioSpectrum Multispectral Imaging System (Ultra-Violet Products Ltd, Upland, CA).
Immunohistochemistry. The fixed testes and epididymides were trimmed, washed, dehydrated, and embedded in paraffin according to standard protocols. Paraffin blocks of the testis and epididymis were cut at 5 µm thickness from the mid portion of tissue and mounted onto poly-L-lysine-coated glass slides. The sections were deparaffinized using xylene (3×, 10 min) at 23ºC and a series of decreasing ethanol concentrations according to standard protocols. Endogenous peroxidase activity was blocked by submerging the slides in methanol containing 3% hydroperoxide for 10 min. Samples were then heated in boiling water bath for antigen retrieval (10 mmol/l citrate buffer, pH 6, 20 min). The sections were allowed to cool in citrate buffer, washed thrice (deionized water, PBS, pH 7.4, 3 min each), and incubated in blocking solution for 30 min. Next, they were washed with PBS (3×, 10 min) and incubated overnight with mouse anti-rat Ddx3y monoclonal antibody at 4ºC. After being washed with PBS (3×, 10 min), the sections were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (1:400 PBS) for 1 h at room temperature. Finally, peroxidase activity was visualized using 0.05% diaminobenzidine (DAB; Sigma), in 0.05 mol/l Tris buffer, pH 7.6, containing 0.01% hydrogen peroxide.
Statistical analysis. For comparison of the results between control and treated groups, data were analyzed by one-way analysis of variance (ANOVA) or by chi-squared analysis. The significant level of differences was taken as p < 0.05.
RESULTS
Determination of Arsenic Intake
To determinate the actual arsenic exposure level of mice, we recorded the daily water intake of each mouse. The results were shown in Table 2 . Each mouse per day drunk on average 5.25 ± 0.91, 5.07 ± 0.74, 5.26 ± 0.69, and 5.09 ± 0.55 ml of water in the control and three experimental groups (1, 2, and 4 mg/l As 2 O 3 groups), respectively, and no significant differences in the amount of drinking water were observed between these groups. Exposure amount of As 2 O 3 for 60 days was averagely 304. 40 ± 44.69, 631.20 ± 83.17, and 1222.80 ± 133 .18 µg, respectively, in each mouse of the groups exposed to 1, 2, and 4 mg/l As 2 O 3 .
Effect of As on the Weight of Testis and Epididymis and Sperm Quality
As shown in Table 3 , weight and organ coefficient of testes and epididymides were significantly lower in mice exposed to 2 and 4 mg/l As 2 O 3 than those in controls. Table 4 shows the results of sperm quality analysis. The viability of epididymal spermatozoa in mice was 977 ± 2.3% in control group and 93 ± 5.0, 82 ± 5.5, and 81 ± 5.8% in groups exposed to 1, 2, and 4 mg/l As 2 O 3 , respectively. Especially, the viability of epididymal spermatozoa was significantly lower in mice exposed to 2 and 4 mg/l As 2 O 3 than that in controls. Meanwhile, sperm malformation rate increased from 2.6 ± 0.5% in controls to 3.4 ± 1.1, 3.6 ± 2.0, and 6.6 ± 2.0% in groups exposed to 1, 2, and 4 mg/l As 2 O 3 , respectively.
TABLE 4 Activity and Malformation of Sperm in Mice Exposed to As
Effect of As on Spermatogenesis and Morphology in Testis and Epididymis
Testicular sections from the control mice showed normal seminiferous tubules containing developing sperm cells at different stages (spermatogonia, spermatocytes, spermatids, and matured spermatids) in the stratified epithelium and in lumen of tubules (Fig. 1A,a) . There was no difference in the structure of the seminiferous tubules between 1 mg/l As 2 O 3 treatment group and control group (Fig. 1B,b) . However, histopathological examination of seminiferous tubules of the testis showed spermatogenesis disruption including the reduced layers of germ cells, disrupted germ cell alignment, and decreased number of spermatozoa in the testis of mice exposed to 2 or 4 mg/l As 2 O 3 compared with the controls (Figs. 1C,c and 1D,d ). Especially, a significant reduction in the number of Asg, pLSc, mPSc, and 7Sd at stage VII of the spermatogenic cycle was observed in mice exposed to 4 mg/l As 2 O 3 (Table 5 ). The epididymal sections of mice in control group showed normal epididymal tubes lined with a tall pseudostratified stereociliated columnar epithelium and filled with numerous spermatozoa ( Fig. 2A,a) . No significant change was observed in 1 mg/l As 2 O 3 treatment group (Fig. 2B,b) . However, marked decreases in lumen area and sperm in the lumen were shown in groups exposed to 2 or 4 mg/l As 2 O 3 . Moreover, the stereocilia of principal cells became sparse (Figs. 2C,c and 2D,d) . Adult male mice exposed to 0, 1, 2, and 4 mg/l As 2 O 3 for 60 days. After the treatment, Ddx3y protein expression levels were analyzed by Western blotting. The relative Ddx3y protein levels were expressed as the ratio of sample to β-actin. Data obtained from three separate analyses are expressed as mean ± SD (n = 3 for each group). 
Effects of As on the Expressions of Ddx3y mRNA
The mRNA expressions of Ddx3y in mice testis and epididymis are shown in Figure 3 . The mRNA expression of Ddx3y in testis was significantly lower in groups exposed to As than that in controls (p < 0.05 or p < 0.01). Moreover, the mRNA expression of Ddx3y in testis of mice exposed to As decreased in a dose-dependent manner. The mRNA expression of Ddx3y in epididymis of mice was also significantly lower in the two experimental groups exposed to 2 and 4 mg/l As 2 O 3 than that in controls (p < 0.05 and p < 0.01, respectively).
Effects of As on the Expressions of Ddx3y Protein
The expressions of Ddx3y protein in mice testis and epididymis are shown in Figure 4 . The expression of Ddx3y protein in testis decreased in groups exposed to As. Especially, there were significant differences between the group exposed to 2 or 4 mg/l As 2 O 3 and controls (p < 0.05 or p < 0.01). The expression of Ddx3y protein in epididymis of mice was also significantly lower in the two experimental groups exposed to 2 and 4 mg/l As 2 O 3 than that in controls (p < 0.05 or p < 0.01). Moreover, the expression of Ddx3y protein in epididymis of mice exposed to As decreased in a dose-dependent manner.
Effects of As on the Distribution of Ddx3y Protein
Immunohistochemical analyses were used to identify the distribution of Ddx3y protein in tissue sections of testis and epididymis in mice exposed to As. The result showed that the expression of Ddx3y protein in the testis tissue was predominantly localized in the cytoplasm of primary stage cells, spermatogonia, (Fig. 5A,a) . The Ddx3y expression in the cytoplasm of spermatogonia and spermatocytes obviously decreased in the testis of mice exposed to 2 or 4 mg/l As 2 O 3 (Figs. 5C, c and 5D, d) . Ddx3y expression was also observed in the epididymis tissue of mice. The result showed that the expression of Ddx3y protein was predominantly distributed in the principal cells of epididymis (Fig. 6) . The Ddx3y protein expression significantly decreased in the epididymis tissue of mice exposed to As compared with controls (Figs. 6A-D and 6a-d) .
DISCUSSION
It has been documented that As exposure induced male reproductive toxicity. Pant et al. (2004) reported that a significant decrease in sperm count and motility along with an increase in abnormal sperm in male mice treated with sodium arsenite. Chiou et al. (2008) found a significant decrease in sperm motility and viability and reported that the frequency of mature seminiferous tubules at stages VII and VIII was markedly decreased after As 2 O 3 treatment. In this study, we evaluated the effect of As on the male reproductive system in mice. We found that subchronic exposure to As decreased the testicular and epididymal weights, reduced sperm activity, and increased sperm malformation in a dose-dependent manner. Especially, a significant reduction in the number of Asg, pLSc, mPSc, and 7Sd at stage VII of the spermatogenic cycle and decreased sperm counts in epididymis were observed in mice exposed to 4 mg/l As 2 O 3 , being consistent with the above reports (Chang et al., 2007; Chiou et al., 2008) . Our results and the literature indicated that As exposure induces toxicity to the male reproductive system, especially to spermatogenesis, sperm development, and sperm maturation.
In human, DDX3Y is located in the AZFa interval in the Y chromosome. Deletion of the AZFa region has been shown to disrupt spermatogenesis, causing subfertility and infertility in otherwise healthy men (Foresta et al., 2000) . It was also reported that its homolog Ddx3y as Y chromosome gene in the mice plays an important role in regulating spermatogenesis and sperm development (Mazeyrat et al., 1998) . We demonstrated in the present study that subchronic exposure to As significantly downregulated the expression of Ddx3y gene and protein in the testis of mice, suggesting Ddx3y as a possible target for As toxicity. Lardone et al. (2007) investigated the expression level of AZF genes and performed histopathological diagnosis by histology and cytology assessments in testicular tissues of patients with severe oligozoospermia or azoospermia. They found maturation arrest and hypospermatogenesis tissues expressed significantly low levels of DDX3Y testicular transcript. Kleiman et al. (2007) also reported that DDX3Y expression was diminished or undetectable in biopsies with impaired spermatogenesis in azoospermic men. Thus, our results are similar to observation in human and suggested that subchronic exposure to As may adversely affect spermatogenesis in the testes of mice via downregulating the expression of Ddx3y.
Seminiferous tubules within the testes are responsible for producing sperm cells through a process called spermatogenesis. Spermatogonia located around the periphery of the seminiferous tubules become primary spermatocytes by mitosis. Each primary spermatocyte goes through the first meiotic division, meiosis I, to produce secondary spermatocytes. In the second meiotic division, meiosis II, each secondary spermatocyte divides to produce spermatids. The immature cells are at the periphery of the seminiferous tubules, and the more differentiated cells are nearer the center of the tubules. The final step in the development of sperm is called spermiogenesis. In this process, the spermatids formed from spermatogenesis become spermatozoa or sperm and are released into the lumen of the seminiferous tubule to leave the testes. Yao et al. (2010) explored the expression of DDX3Y protein in tissue sections from the human testis. They found that DDX3Y protein is localized predominantly in the cytoplasm of spermatogonia and occasionally in the cytoplasm of some preleptotene/leptotene spermatocytes as well. In our immunohistochemical experiments, the results showed that the expression of Ddx3y protein in the testis tissue was predominantly localized in the cytoplasm of primary stage cells, spermatogonia, and spermatocytes in control group, suggesting a cytoplasmic function of the Ddx3y protein specifically in these premeiotic germ cells. In mice exposed to As, the Ddx3y protein expression obviously decreased in the spermatogonia and spermatocytes of testis compared with controls. In line with these results, Lardone et al. (2007) reported that DDX3Y gene expression was reduced in all stages of maturation arrest with some patients presenting only spermatocytes in their tubules, which indicates an arrest possibly in the prophase of the first meiotic division.
It is well known that the epididymis functions in the transport and storage of the sperm cells that are produced in the testes. The epididymis also provide environment for the sperm to mature because the sperms that emerge from the testes are immature and incapable of fertilization (Jones, 2004) . In the present study, we found that that subchronic exposure to As significantly downregulated the expression of Ddx3y gene and protein in the epididymis of mice, suggesting that subchronic exposure to As may also affect maturation of sperms in the epididymis of mice via downregulating the expression of Ddx3y.
Although our results showed that subchronic As exposure had detrimental effects on spermatogenesis and sperm development through downregulating the expression of Ddx3y gene, whether the fertility of the exposed animals would be affected cannot be clearly inferred, continuous investigation is absolutely required for further clarification on the adverse effect of subchronic As exposure on fertility of male animals via downregulating the expression of Ddx3y and the exact molecular mechanisms for As-induced downregulation of Ddx3y.
In conclusion, our results showed that subchronic exposure to As inhibited spermatogenesis, sperm development, and 488 LI ET AL. sperm maturation and significantly downregulated expressions of Ddx3y gene and protein in testis and epididymis of mice. These results indicate that Ddx3y in testis and epididymis is an important target gene of As toxicity and suggest that downregulation of Ddx3y gene and protein expressions in testis and epididymis might be a mechanism for As-induced inhibition of spermatogenesis, sperm development, and sperm maturation.
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